Two intrinsic membrane proteins of calf lens fiber cells can be phosphorylated by a soluble bovine lens cAMP-dependent protein kinase and rabbit muscle cAMP-dependent protein kinase. After electrophoresis of the phosphorylated membranes, 32p comigrates with the lens main intrinsic protein at 26-27 kDa and with a minor band of protein that migrates at 19-20 kDa. 32p is also found with proteins that, based on the molecular sizes, are likely multimers of the 19-kDa and 26-kDa proteins. Upon boiling in NaDodSO4, all the radioactivity is found at the top of the gel, suggesting that both phosphoproteins are intrinsic membrane proteins. Serine is the only phospho amino acid detected in both proteins regardless of the source of protein kinase. Recent studies have demonstrated a link between disruption of lens fiber membranes and formation of cataracts (1-5). As a result, there is increased interest in the structure and function of lens membranes.
Recent studies have demonstrated a link between disruption of lens fiber membranes and formation of cataracts (1) (2) (3) (4) (5) . As a result, there is increased interest in the structure and function of lens membranes.
Numerous studies have elucidated the composition of the lens fiber cell membrane (6) (7) (8) (9) (10) (11) (12) (13) . One protein of 26-28 kDa (MP26) constitutes '50% of the intrinsic proteins of these membranes. Several minor species, including one of [18] [19] [20] kDa, also constitute the intrinsic membrane proteins. Approximately 60% of the fiber cell membrane is involved in the intercellular communicating junctions, commonly referred to as gap junctions. Since MP26 is the most abundant protein in the fiber membranes, it is probably the major protein in these regions (8) (9) (10) . MP26 is localized in and outside the junctional regions (14) (15) (16) . This suggests that, in addition to some specialized function in the gap junction, the MP26 protein may play another role.
In tissues other than the lens there is considerable evidence that intercellular communication is mediated by the opening and closing of gap junctions in response to variations in the concentration of calcium (17) (18) (19) (20) (21) (22) . In the lens, however, it is thought that the junctions are always open and are, therefore, insensitive to environmental stimuli such as the calcium level (23) . Nevertheless, recent studies suggest that the uncoupling of cell communication in the lens can be provoked by shifts in the calcium concentration (24) . In view of the fact that the activity of some proteins (enzymes) is altered by mechanisms involving phosphorylation, the present study was undertaken to explore the possibility that the phosphorylation of the MP26 protein might be involved in its biological function. In this report, we describe results of studies showing that the phosphorylation of two intrinsic membrane proteins is catalyzed by an endogenous lens cAMP-dependent protein kinase and a cAMP-dependent protein kinase from rabbit muscle.
MATERIALS AND METHODS
Preparation of Lens Fiber Cell Membranes and Lens Protein Kinase. Lens fiber cell membranes were prepared from 4-month-old calf lenses according to the procedure of Russell et al. (25) . Bovine lens protein kinase was prepared from lens cortex as follows: extracts were prepared by homogenizing cortical material in 50 mM Tris HCl, pH 7.5/2 mM EDTA/100 mM NaCi/10 mM 2-mercaptoethanol. After centrifugation at 35,000 x g for 20 min, the supernatant fraction was chromatographed on Ultragel AcA 34. Cyclic AMP-dependent protein kinase activity coeluted from this column with the first peak of p-crystallin. These fractions were used as bovine protein kinase. Rabbit antisera obtained using purified calf a-, P-, and -crystallins were provided by J. S.
Zigler.
Phosphorylation of Len Membranes. Phosphorylation experiments were done at 30°C. Incubation mixtures contained 50 mM Pipes, pH 7.0/1 mM MgCl2/100 ,M [y-32P]ATP (60-300 cpm/pmol)/10 ,uM cAMP, and a source of protein kinase in a vol of 50 ,l. The reactions were stopped by adding 500 ,ul of cold buffer. The membranes were centrifuged at 25,000 X g for 40 min. The membranes were resuspended in cold Laemmli sample buffer minus the NaDodSO4. NaDodSO4 was added to a final concentration of 2%, and the samples were electrophoresed in 13% polyacrylamide slab gels according to the Laemmli procedure (26) . Phosphorylated proteins were localized by autoradiography.
Phospho Amino Acid Determinations. Phospho amino acid determinations were done on 32P-labeled proteins eluted from polyacrylamide gels after electrophoresis or after extraction from the membranes by chloroform/methanol (10) . After hydrolysis in 6 M HCl, the sample was electrophoresed on a cellulose thin-layer plate in acetic acid/formate/water (39:25: 436) (pH 2.0) at 1000 V for 90 min. Phosphoserine and phosphothreonine (Sigma) were included as internal standards.
RESULTS
Phosphorylation of Lens Fiber Cell Membranes. After removal of extrinsic proteins, calf lens fiber cell membranes have protein profiles as seen in Fig. 1 . During electrophoresis in 13% polyacrylamide gels, a major band of protein migrates at a position of 26-27 kDa. This is in agreement with previous studies. Several minor bands are always present in these preparations, and some of these are more abundant in membranes prepared from the nuclear region of the lens. One minor band that migrates at a position of 19-20 kDa is consistently present in these preparations and those of others (18 kDa) (10, 23, (27) (28) (29) (30) . When electrophoresis was performed using gradient gels, these proteins migrated at 28-29 kDa and at 19-22 kDa, respectively. In this report, the major protein band will be referred to as MP26, in keeping with the literature, and the smaller protein will be referred to as MP19. As previously reported (31) , when the membranes are
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Lane 5, molecular size standards (kDa).
boiled in NaDodSO4 prior to electrophoresis, MP26 aggregates and remains at the top of the gel. We find that MP19 also aggregates when boiled in NaDodSO4 (Fig. 1 , lanes 2 and 4).
Cortical membranes were incubated with [y-32P]ATP, Mg2+, cAMP, and a source of protein kinase, and then electrophoresed and analyzed by autoradiography. 32p was found associated with MP26, the minor band of protein at 19 kDa and at positions corresponding to 40, 52, 60, and 80 kDa and at the top of the gel (Fig. 2) . The labeled bands at positions >26 kDa are likely multimers of the 26-and 19-kDa proteins and for now will be considered such. The focus of this report will be on the 26-and 19-kDa proteins.
The same pattern of phosphorylation was observed whether membranes prepared from the cortical or nuclear region of the lens were used (data not shown). As seen in Fig. 2 trinsic proteins by urea and alkali treatment. There is, however, very little 32P found associated with MP26. In the cortex, other membrane-associated proteins, particularly the cytoskeletal proteins, are probably preferential substrates for the protein kinase. However, even though the cytoskeletal proteins are diminished in the nucleus there is still little 32p incorporated into MP26. Since MP26 is readily phosphorylated after removing the extrinsic proteins it is possible that the phosphorylation site is not accessible to the kinase because extrinsic proteins may be bound to MP26.
Phospho Amino Acid Determinations. Phospho amino acid determinations were done on phosphoproteins eluted from polyacrylamide gel slices after electrophoresis (Fig. 4) Phosphoserine was found whether the bovine lens protein kinase or rabbit muscle protein kinase was used to phosphorylate the membrane proteins. Even though both kinases phosphorylate serine it remains to be determined whether the same serine is phosphorylated by each protein kinase.
Comparison of MP19 with a-Crystaflin. With increasing age of lens cells, cytoplasmic proteins, particularly a-crystallin, become associated with the membranes. Furthermore, there are reports that a-crystallin binds to these membranes (12, 32, 33) and a-crystallin is a component of the membranes (34) . All the experiments reported here were done using 4-month-old calf lenses to minimize the age-related association of crystallins with the membranes. Even Immunoblot Using Antibodies Against Bovine Crystallins. After electrophoresis, the proteins were electrophoretically transferred to nitrocellulose and reacted with antibodies made against a-, -, and y-crystallin. The results are shown in Fig. 5 . There are no bands that react with antibodies to ycrystallin. There are several bands that react with antibodies to a-crystallin. Three of these migrate between 21 and 23 kDa. These bands are not coincident with the band of radioactivity. Antibodies to S-crystallin react with two bands of protein that migrate at the front edge of the MP26, but none in the region of MP19. The slower moving ,-crystallin band is within the region containing radioactivity. However, in numerous experiments the radioactivity always corresponds to the width of the MP26 band and does not appear to be associated with an edge of the MP26 band. Thus, it is unlikely that the f3-crystallin is the phosphorylated protein rather than MP26.
Stoichiometry of Phosphorylation. As seen in Fig. 2 A and B, the specific radioactivity of the MP19 is higher than that of MP26. The protein ratio of MP26 and MP19 in these two experiments is about the same and is the same in all preparations. Yet, the incorporation of 32p is more into MP19 in Fig.  2A and about equal into MP26 and MP19 in Fig. 2B . In other experiments (data not shown), there is more 32p incorporated into MP26 than into MP19. The reason for this has not been fully elucidated. The source of protein kinase is not a factor because, in several experiments, the same relative incorporation was always observed with either lens or rabbit muscle protein kinase. Determination of the maximum stoichiometry of phosphorylation of either of these proteins awaits elucidation of those factors responsible for determining which species is preferentially phosphorylated. In an experiment in which there was little label in MP19, the maximum incorporation of 32p into MP26 was -0. 2 Immunoblots using antisera for bovine a-, f-, and ycrystallins. Phosphorylated membranes were electrophoresed in NaDodSO4 according to Laemmli (26) . The proteins were electrophoretically transblotted onto nitrocellulose and reacted with antisera to crystallins. The antigen-antibody complexes were localized using horseradish peroxidase-labeled goat anti-rabbit IgG according to Hawkes et al. (35) . Lanes 1, protein pattern of blotted proteins stained with amido black; 2 and 5, corresponding autoradiograms; 3, reacted with antibodies to y-crystallin; 4, reacted with antibodies to a-crystallin; 6, reacted with antibodies to fl-crystallin; 7, corresponding autoradiograms; 8-10, Coomassie-stained bands; 8, acrystallin; 9, molecular size standards; 10, membrane proteins.
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Biochemistry: Garland and Russell maining at the top of the gel was considerably higher, suggesting the state of aggregation of these proteins may influence the phosphorylation or vice versa. Pretreatment of the membranes with protein phosphatase; incubation for 19 hr; varying the concentrations of kinase, Mg2+, cAMP, and ATP; and adding calmodulin and calcium did not significantly increase the molar ratio of 32p into MP26.
Protease Treatment of Phosphorylated Membranes. Membranes were phosphorylated and then incubated with trypsin, chymotrypsin, or Staphylococcus aureus V8 to determine (i) whether the phosphorylation site of MP26 was within the terminal segments cleaved by these proteases and (ii) whether the phosphorylation site could be removed from MP19. As shown in Fig. 6A , when membranes are incubated with trypsin or chymotrypsin all of the radioactivity is removed coincident with the cleavage of 4-5 kDa from MP26.
All of the 32p is also lost from MP19. However, because MP19 generally migrates as a rather diffuse band, it is not clear how much is removed by protease treatment. Using gradient gels (Fig. 6B, lanes 4 and 9) in which MP19 ran as a relatively sharp band, there was little change in the molecular size of MP19 after trypsin treatment even though there is no 32p remaining with the band. The size of the phosphopeptide removed from MP19 must be relatively small.
Staphylococcus aureus V8 protease cleaves MP26 in two steps. A segment of -2 kDa is removed and with increased time (data not shown) or concentration of protease, another segment of about the same size is removed (lanes 2 and 3) . The final polypeptide is essentially the same size as that after trypsin or chymotrypsin treatment. The larger of the MP26 cleavage products still contains 32p, although the level is reduced relative to the untreated sample. The smaller cleavage product appears to have lost all of the radioactivity. With increasing concentrations of V8 protease, 32p is slowly lost from MP19. But there is little observable decrease in the size of MP19. These results are consistent with the phosphorylation site on MP19 being close to a terminus of the protein such that the site can be removed by any of the three proteases while not drastically changing the molecular size of the protein.
32p, was assayed during the incubations with all three proteases to rule out the possibility that the 32p was removed by esterases present in the protease preparatip-sj Ia each case, there was no significant increase in ?1P4 rtJ*sed tner that of the control (no protease).
DISCUSSION
These studies demonstrate that MP26 a-i aiother intrinsic protein (MP19) of lens membranes are tkho4pheylated by cAMP-dependent protein kinase. To our knowledge, the phosphorylation of lens MP26 is the first demonstration of post-translational covalent modification of a gap junction protein.
Both MP26 and MP19 are phosphorylated by an endogenous lens cAMP-dependent protein kinase and by rabbit muscle protein kinase. MP19 can also be phosphorylated by a cAMP-dependent protein kinase assxiaded with bufferwashed membranes. MP26 is not readily phosphorylated by the membrane-associated protein kinase or by added protein kinase before treatment of the membranes with urea and NaOH to remove extrinsic proteins. For the MP26, it is possible that a portion of the protein must be denatured to expose the phosphorylation site, but it is more likely that the phosphorylation site is not available to the kinase because of the binding of extrinsic proteins to this region. Kawaba et al. (36) have reported the phosphorylation of 26-kDa proteins in Triton X-100-extracted protein fractions from bovine lens epithelial cells and cortex nucleus. Since MP26 has not been identified as a component of lens epithelial cell membranes, it remains to be determined whether the 26-kDa phosphoproteins in that study are the main intrinsic lens fiber cell membrane proteins. A preliminary report also describes the phosphorylation of MP26 (37) .
The limited cleavage of MP26 observed here after incubation of membranes with chymotrypsin, trypsin, or V8 protease is consistent with previous reports (27, 28) . In each case, there is a total loss of 4-5 kDa primarily from the carboxyl terminus. With this cleavage, the 32p is removed. With V8 protease, some 32p is still found on the polypeptide after only -2 kDa is removed. These results are consistent with the phosphorylation site(s) being between 15 and 35 residues from the carboxy terminus of the protein. This is confirmed by examination of the sequence of MP26 (42) phosphoryltioni b*y cAMP-dependent protein kinases (38) between 21 and 35 residues from the carboxyl terminus.
The identity of MP19 is not known. The present studies support the conchnion that it is an intrinsic membrane protein, but it is not a crystallin. In addition, preliminary experiments show that aptibodies directed against MP26 do not react with MP19 (ddta not shown). The biological role of the phosphorylation of the MP26 and MP19 remains be elucidated. If phosphorylation or dephosphorylation regulates the function of either, it will likely be by altering the interaction with other proteins, such as calmodulin and cytoskeleton proteins. Interactions of both with MP26 and the fiber cell membranes have been reported (39, 41) . Since MP26 is thought to represent a major protein in the communicating junction of the lens; the state of phosohorylation of the MP26 may influence the cell to cell communication within the lens. The exact function and role of the MP19 remains unclear, but the ease with which it is phosphorylated by the endogenous kinase suggests it may play a very active role in the cytostructure of the lens fibers.
